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THE EFFECTS OF CYANOSIS 
ON MYOCARDIAL BLOOD 
FLOW, OXYGEN 
UTILIZATION, AND LACTATE 
PRODUCTION IN DOGS 
To elucidate ditferences in myocardial blood flow and metabolism between cyanotic 
and normal hearts, a model of chronic cyanosis was created in live adult mongrel 
dogs by anastomosing the inferior vena cava to the left atrium. After 6 to 9 months, 
myocardial blood flow, the ratio of subendocardial to subepicardial flow, oxygen 
consumption, oxygen extraction ratio, and lactate consumption in these cyanotic 
dogs and five control dogs were determined under baseline conditions and during 
pharmacologic stress with isoproterenol (0.2/.tg/kg/min). Radioactive microspheres 
were used to determine left and right ventricular blood flow rates, and arterial and 
coronary sinus ditferences in oxygen and lactate levels were measured. At baseline 
and during stress, oxygen consumption and oxygen extraction ratios were identical 
in control and cyanotic hearts. Total myocardial blood flow was increased with stress 
and did not ditfer between cyanotic and control hearts. Left ventricular muscle from 
cyanotic hearts did exhibit lower endocardial/epicardial b ood flow ratios than those 
of control hearts at rest, and the relative subendocardial f ow decreased further with 
stress. During isoproterenol infusion, myocardial actate production, indicative of 
anaerobic metabolism, was evident in two of five cyanotic animals and none of the 
control dogs. The relative subendocardial ischemia and its further aggravation by 
stress in cyanotic hearts may eontribute to the pathophysiologic basis of myocardial 
dysfunction in cyanotic heart disease. (J THORAC CARDIOVASC SURG 1995;109: 
849-53) 
Ara K. Pridjian, MD, Edward L. Bove, MD, and Flavian M. Lupinetti, MD, 
Ann Arbor, Mich. 
C yanotic hearts offen exhibit decreased baseline and postoperative contractile function in addi- 
tion to poor metabolic reserve, a-3 Although the 
reasons for this have not been completely explained, 
previous studies have suggested that myocardial 
perfusion may be abnormal in cyanotic hearts. 4-6 It 
has been postulated that during periods of stress, 
oxygen demands in cyanotic hearts exceed supply. 
This results in episodes of myocardial hypoxia that 
may lead to myocardial necrosis and fibrosis. The 
subendocardium is likely to be particularly suscep- 
tible, and pathologic hanges have been observed in 
the subendocardium of children with cyanotic heart 
disease. 7 
Early studies of children with cyanotic heart dis- 
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ease showed that total coronary artery blood flow 
was decreased, perhaps as a result of polycythe- 
mia.5, 6 The oxygen extraction was slightly elevated 
in these children, so that oxygen consumption was 
equal to that of normal hearts. However, the meth- 
ods used to measure coronary artery flow in these 
human subjects were necessarily indirect, and con- 
clusions regarding oxygen consumption may not be 
valid. Furthermore, cyanotic heart disease is offen 
accompanied by some degree of ventricular hyper- 
trophy, and this can produce abnormalities in blood 
flow distribution and high energy phosphate metab- 
olism. 8'9 This study was designed to assess the 
effects of cyanosis without hypertrophy on myocar- 
dial blood fiow and oxygen metabolism. 
Material and methods 
Procedures were done under sterile conditions in a 
veterinary operating room. Five adult mongrel dogs were 
anesthetized with sodium pentobarbital, intubated, and 
the lungs mechanically ventilated. Cefazolin 25 mg/kg was 
given by intramuscular injection. The chest was entered 
through the sixth intercostal space on the right. Animals 
were heparinized (100 mg/kg). The inferior vena cava was 
divided and anastomosed to the inferior pulmonary vein/ 
left atrial junction in an end-to-side fashion with running 
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Table I. Heart rates and blood pressures in control 
and cyanotic dogs at baseline and during stress 
Control Qvanotic 
Baseline heart rate 123 + 10 121 _+ 5 
(beats/min) 
Stress heart rate 225 _+ 22 210 + 18 
(beats/min) 
Baseline systolic blood 90 -+ 9 84 _+ 8 
pressure (mm Hg) 
Stress ystolic blood 110 _+ 15 102 _+ 12 
pressure (mm Hg) 
Baseline diastolic blood 50 _+ 7 47 _+ 9 
pressure (mm Hg) 
Stress diastolic blood 55 _+ 12 57 -+ 10 
pressure (mm Hg) 
Table II. Oxygen extraction ratios in control and 
cyanotic dogs at baseline and during stress 
Control Cyanotic 
Baseline (%) 61 -+ 4 61 -+ 4 
Stress (%) 61 _+ 4 62 -+ 3 
5-0 polypropylene suture. The thoracotomy was closed 
and animals were allowed to recover for 6 to 9 months. 
The control group comprised five animals that did not 
have an operation. 
At the time of the experiment animals were again 
anesthetized and the lungs ventilated with 100% oxygen. 
A median sternotomy was done and catheters were placed 
in the left atrium, the descending aorta, and the coronary 
sinus. Radioactive microspheres (15/xm, 141Ce and 113Sn) 
were injected into the left atrium as blood was withdrawn 
from the aorta. Coronary sinus and aortic samples were 
drawn simultaneously for oxygen content and lactate 
analysis. The oxygen extraction ratio was calculated by 
dividing the arteriovenous difference in oxygen by the 
arterial oxygen content. Lactate level was determined with 
the use of a colorimetric assay (Kodak Ektachem WR- 
700, Kodak Co., Rochester, N.Y.). Intravenous fluid ad- 
ministration was minimized so that the cyanotic animals 
remained polycythemic. All measurements were obtained 
under baseline conditions and were repeated 10 minutes 
after a continuous intravenous infusion of isoproterenol, 
0.2/xg/kg per minute, was begun. 
At the end of the experiment hearts were excised and 
left and right ventricles were separated and subdivided. 
The ventricles were weighed and indexed to the body 
surface area. 1° Each piece was then sectioned into endo- 
cardial, middle, and epicardial thirds, which were weighed 
and counted in a gamma counter with reference blood 
samples. Standard formulas were used to determine total 
myocardial blood flow and the ratio of subendocardial to
subepicardial flowJ 1 The interventricular septum was not 
used for calculation of these ratlos. With this flow data 
and the aorta to coronary sinus differences in oxygen and 
Table III. Myocardial oxygen consumption i
control and cyanotic dogs at baseline and during 
stFess 
Control Cyanotic 
Baseline (ml oxygen/min/gm ventricle) 1.17 _+ 0.05 1.29 -+ 0.10 
Stress (tal oxygen/min/gm ventricle) 2.22 + 0.17 2.09 + 0.18 
lactate levels, myocardial oxygen consumption and lactate 
utilization or production were determined. 
Results are given as the mean plus or minus the 
standard error of the mean. Student's t test was used to 
compare groups. Differences were considered significant 
at p < 0.05. 
Animals received humane care in compliance with the 
"Guide for the Care and Use of Laboratory Animals" 
published by the National Institutes of Health (NIH 
Publication No. 85-23, revised 1985). 
Results 
Six to 9 months after creation of the model, mean 
arterial oxygen tension and oxygen saturation in 
room air were 48 _ 4 mm Hg and 76% + 4%, 
respectively, compared with 85 + 5 mm Hg and 
97% _+ 1% in control dogs. Hematocrit values 
averaged 56% _+ 2% in cyanotic dogs compared with 
34% _+ 2% in control dogs. Differences in oxygen 
tension, oxygen saturation, and hematocrit value 
were significant (p < 0.05). Indexed left and right 
ventricular weights in cyanotic dogs were 115 -+ 7 
and 29 -+ 2 gm/m 2, respectively, compared with 
119 -+ 5 and 36 _+ 2 gm/m 2in control animals. Mean 
right ventricular mass in cyanotic dogs was signifi- 
cantly less than that of control dogs (p < 0.05). 
In Table I, baseline and stress heart rates and 
blood pressures are shown. There were no differ- 
ences in these parameters between control and 
cyanotic groups. The oxygen extraction ratlos and 
myocardial oxygen consumption are shown in Ta- 
bles II and III. The oxygen extraction ratio was the 
same in control and cyanotic groups and did not 
change with stress. Myocardial oxygen consumption 
increased with stress in both groups and was not 
statistically different between groups. 
Myocardial blood flow and the subendocardial/ 
subepicardial ratio of blood flow are reported in 
Table IV. Under baseline conditions, left and right 
ventricular myocardial blood flow values were nearly 
identical in control and cyanotic hearts. With iso- 
proterenol, myocardial blood flow nearly doubled in 
both groups. Differences between groups were not 
significant. The left ventricles of cyanotic hearts 
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Fig. 1. Myocardial lactate metabolism incontrol and cyanotic dogs. Two of five cyanotic dogs had lactate 
production during stress. 
Table IV. Myocardial blood flows and subendocardial/subepicardial blood flow ratios in control and cyanotic 
hearts at baseline and during stress 
Control flow Cyanotic flow 
(rnllmin/gm ventricle) (ml/minlgm ventricle) Control ratio Cyanotic ratio 
Basel ine 
Left  ventr ic le 1.34 + 0.03 1.38 ___ 0.07 1.27 +_ 0.02 1.02 -- 0.07* 
R ight  ventr ic le 1.12 -+ 0.04 1.14 -- 0.05 0.95 -+ 0.1 1.01 -+ 0.09 
Stress 
Left  ventr ic le 2.16 _+ 0.15 1.91 + 0.15 0.94 _+ 0.02 0.85 + 0.08* 
R ight  ventr ic le 2.25 2 0.07 2.19 + 0.22 0.93 + 0.04 1.01 -+ 0.04 
*p < 0.05 versus control. 
exhibited significantly lower endocardial/epicardial 
ratios than those of control hearts at rest (p < 0.05). 
Right ventricular blood flow ratios were compara- 
ble. With stress, the relative blood flow decreased 
further in cyanotic left ventricles, again with a 
significantly lower endocardial/epicardial ratio than 
that in control hearts (p < 0.05). 
Lactate metabolism for control and cyanotic dogs 
is shown in Fig. 1. Net lactate consumption is 
depicted by apositive bar, and a negative bar signifies 
lactate production. All hearts consumed lactate at 
rest. Lactate was produced in two of five cyanotic 
hearts during stress, but in none of the control 
hearts. 
Discussion 
The cause of subendocardial underperfusion i
the systemic ventricle of cyanotic hearts is probably 
multifactorial. Cyanotic ventri¢les are often exposcd 
to conditions of abnormal pressure and volume 
loading. This ¢an lead to in¢reased wall tension and 
decreased subendocardial perfusion. In a clinical 
study, Graham and asso¢iates 1 found that the left 
ventricular end-diastolic volume nearly doubled af- 
ter a systemic-pulmonary artery shunt procedure 
and that the degree of dilatation of the ventricle 
correlated with postoperative pump function. 
Heart rates and blood pressures in the two groups 
were not significantly different at baseline or with 
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stress. This is important to the validity of our findings 
relating to the distribution of blood flow. With lower 
diastolic blood pressure, the driving pressure for cor- 
onary artel2s perfusion decreases, particularly affecting 
the subendocardium. Lower peffusion pressure was 
therefore not responsible for our findings. Diastolic 
blood pressure can be quite low in patients with large 
systemic-pulmonary tery shunts, resulting in a de- 
crease in myocardial perfusion pressure with relative 
and actual myocardial ischemia. 
Our model produced cyanosis without hypertro- 
phy, as shown by the equal eft ventricular weights in 
both groups. Right ventricular mass in cyanotic 
animals was significantly smaller than normal. In 
this model the right ventricle receives only superior 
vena caval and coronary sinus blood. The smaller 
right ventricular mass is presumably a result of 
directing lower body systemic venous return away 
from the right ventricle and into the left. 
Polycythemia can increase blood viscosity and 
coronary vascular resistance, and this may affect 
subendocardial more than subepicardial vessels) 2 
In an earlier study that used the same model of 
chronic cyanosis, Lupinetti and colleagues 4 showed 
that the ratio of subendocardial to subepicardial 
blood flow in cyanotic hearts was normal at baseline. 
However, in that study the cyanotic animals were 
treated with hemodilution to make hematocrit val- 
ues normal before blood flow rates were assessed. It 
appears that at baseline, the only significant differ- 
ence between the original study and the present 
experiment is the polycythemia, which suggests that 
this may contribute to subendocardial underperfu- 
sion. 
The myocardial oxygen extraction was nearly 
identical in control and cyanotic hearts. This is in 
contrast o the findings of earlier clinical studies in 
which cyanotic patients were found to have de- 
creased myocardial blood flow and increased oxygen 
extraction compared with respective findings in nor- 
mal control subjects. 5' 6 However, methods of deter- 
mining myocardial blood flow and weight in these 
human subjects were necessarily imprecise. In addi- 
tion, the patients had a variety of congenital anom- 
alies and did not comprise a homogenous popula- 
tion. Whereas it is possible that the cyanotic and 
hypertrophied hearts from these patients may have 
demonstrated supernormal oxygen extraction val- 
ues, there is little basis for hypothesizing that a heart 
can become a more efficient extractor of oxygen. 
Only two of five cyanotic dogs exhibited lactate 
produetion during stress. This finding is in agree- 
ment with findings of the clinical study from Friedli 
and associates. 13 Hearts from 5 of 14 cyanotic 
patients tressed by atrial pacing produced lactate, 
which indicated ashift to anaerobic metabolism. All 
other patients demonstrated normal aerobic metab- 
olism at baseline and during stress. Myocardial 
metabolism in cyanotic ongenital heart disease is 
normal at rest, but oxygen supply does not meet the 
demand in some subjects during stress. In the study 
of Friedli and associates, 13these were the patients 
who were thought o be at particularly high risk for 
myocardial fibrosis from repeated episodes of inad- 
equate oxygen supply. 
Hemoglobin itself provides a compensatory 
mechanism in cyanosis. Cyanotic patients function 
on the steepest portion of the oxyhemoglobin disso- 
ciation curve, where oxygen is rapidly unloaded 
from hemoglobin. 14It is tempting to speculate that 
erythrocyte 2,3-diphosphoglycerate may be elevated 
in cyanosis. By lowering the oxygen affinity of he- 
moglobin, this molecule shifts the dissociation curve 
to the right, favoring release of oxygen to the 
tissues, as 
In this model of cyanosis the subendocardium of 
the systemic ventricle received less blood flow than 
normal. Clinically, the subendocardium of patients 
with cyanotic ongenital heart disease may be par- 
ticularly susceptible to ischemic injury, and suben- 
docardial ischemia may play an important role in the 
pathophysiologic basis of myocardial dysfunction i  
cyanotic heart disease. This study lends support o 
the importance of pursuing strategies that avoid or 
minimize the duration of cyanosis and polycythemia 
in patients with congenital heart disease. 
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